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Summary 


Prior  research  on  methanol  adsorption/oxidation  at  the  platinum/acid  interface  has  concluded  that 
the  adsorption  process  is  oxidative,  resulting  in  a  number  of  surface  species  with  various 
stoichiometries  and  attachments  to  the  surface.  The  methanolic  surface  species  do  not  further 
oxidize  and  desorb  at  potentials  lower  than  ~0.5  V.  One  or  more  of  those  species  can  act  as 
intermediates  or  poisons  in  the  further  oxidation  to  desorbed  products,  depending  on  the 
potential.  The  relative  amounts  of  the  various  surface  species  has  not  yet  been  determined  by 
spectroscopy  and  attempts  to  do  so  using  coulometry  are  hampered  by  the  multiple  possibilities 
for  surface  bonding.  However,  some  characterization  is  possible  with  respect  to  ratio  of  electrons 
for  adsorption  for  further  oxidation  and  the  ratio  of  electrons  for  either  of  the  latter  processes  to 
hydrogen  adsorption  sites.  The  values  found  in  this  study,  >1,  agree  generally  with  those 
reported  by  other  investigators. 

In  spite  of  the  complexity  of  the  adlayer,  it  was  possible  to  monitor  the  rate  of  the 
oxidation/adsorption  process  and  produce  results  with  good  regularity  when  the  adsorption  was 
measured  based  on  hydrogen  blocking.  For  the  range  of  potentials  from  0.2  to  0.5  V  versus  the 
reversible  hydrogen  electrode  (RHE),  where  oxidation  of  methanol  leads  only  to  adsorption,  the 
Elovich  equation  applies  very  well  for  surface  coverages  >~0.1  and  just  before  reaching  plateau 
levels.  As  expected,  rates  of  adsorption  vary  linearly  with  the  concentration  of  the  methanol 
solution  when  compared  to  a  constant  surface  concentration.  Rates  of  adsorption  reported  by 
other  investigators  in  a  sulfuric  acid  supporting  electrolyte  are  -2  orders  of  magnitude  slower 
than  those  reported  here,  likely  due  to  the  effect  of  specific  adsorption  of  bisulfate  ions.  Not 
previously  reported  is  the  observation  that  the  rate  of  adsorption  below  0.5  V  follows  a  Tafel 
relationship  down  to  a  potential  of  -0.2  V  at  a  fixed  coverage  of  the  surface  with  the  methanolic 
adsorbate,  suggesting  that  the  oxidation/adsorption  process  is  electrochemical  rather  than 
chemical  in  nature  and  not  a  function  of  surface  coverage  with  hydrogen  atoms.  Steric  effects  of 
adsorbed  hydrogen  may  be  responsible  for  lower  rates  of  adsorption  at  potentials  of  0.1  V  and 
below.  A  Tafel  plot  provides  an  apparent  value  of  an  =  0.8.  This  could  be  tentatively  interpreted 
as  corresponding  to  a  2-electron  oxidation  of  methanol  to  a  CHOH  surface  species  with 
transference  number  of  0.4. 

A  potential  of  0.6  V  was  chosen  to  examine  the  effect  of  methanol  on  the  current,  (Iox),  which 
results  in  oxidation  of  methanol  to  the  final  desorbed  products  (reportedly,  carbon  dioxide, 
formic  acid,  and  formaldehyde).  After  correcting  for  the  current  corresponding  to  adsorption 
only,  the  “turnover  current,”  Iox,  was  found  to  decline  linearly  with  an  increase  of  0M.  This 
seems  surprising  at  first  considering  that  the  rate  of  adsorption  decreases  exponentially  with  the 
increase  of  0m  reflecting  surface  inhomogeneity  and  the  occupancy  with  adsorbed  intermediates 
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at  the  sites  with  the  highest  heats  of  adsorption.  This  may  imply  that  once  adsorbed,  the  active 
intermediate  has  relatively  high  mobility  and  good  distribution  on  available  surface  sites. 

Adsorbed  chloride  ions  drastically  reduce  the  rate  of  adsorption  of  methanol  and  the  anodic 
current  corresponding  to  oxidation  of  methanol  to  final  products,  suggesting  that  both  processes 
involve  the  same  dehydrogenation  step.  Adsorbed  bisulfate  ions  have  a  moderate  effect  on  the 
initial  rate  of  methanol  adsorption,  paralleling  the  observation  that  the  anodic  current  is  only 
moderately  affected. 
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1.  Introduction 


After  many  decades  of  research  and  development,  ambient  temperature  methanol  fuel  cells  are 
emerging  as  a  practical  technology.  However,  fundamental  improvements  in  the  basic 
components  still  limit  wide-spread  application  of  this  power  source.  The  present  anodic 
electrocatalyst  is  platinum  (Pt)-based  in  an  acid  environment  and  the  search  for  improvement  in 
the  performance,  reliability  and  cost  of  that  component  has  been  the  chief  motivation  for 
research  in  the  area  of  adsorption/reaction  mechanisms  that  has  continued  from  the  early  1960s 
to  the  present  day.  Past  results  are  summarized  in  several  reviews  (7-3)  and  many  journal 
articles,  of  which  only  a  sampling  are  referenced  in  this  report. 

The  study  of  methanol  adsorption  on  Pt  electrodes  has  involved  using  a  variety  of  approaches 
including  various  voltammetric  techniques  (7-74),  radioisotope-tagged  methanol  and  anions 
(75-77),  in-situ  infrared  spectroscopy  and  electron  microscopy  (18-24),  online  and  in-situ  mass 
spectrometry  (73,  26-28),  and  oriented  single  crystals  (23,  25,  29).  All  of  the  results  to  date  point 
to  a  very  complicated  series  of  reactions  that  lead  to  the  release  of  a  number  of  final  products  of 
reaction.  The  present  qualitative  understanding  of  the  situation  in  acid  electrolytes  at  near 
ambient  temperatures  can  be  summarized  as  follows: 

1 .  Starting  with  a  bare  surface  and  proceeding  up  the  voltage  scale  from  0  V  and  below 
~0.5  V  versus  the  RHE,  the  currents  that  flow  result  in  the  accumulation  of  surface  species 
with  no  release  of  oxidation  products  (i.e.,  no  “turnover”  current)  to  the  external  electrolyte 
as  suggested  by  voltammetry  and  confirmed  by  in-situ  mass  spectrometry. 

2.  As  suggested  by  the  voltammetric  results  and  confirmed  by  the  more  recent  in-situ 
analytical  investigations  (18,  19,  24,  25),  the  adlayer  is  comprised  of  a  number  of  species 
resulting  from  the  partial  dehydrogenation  of  methanol  including  CHoOH,  CHOH,  and 
CHO  that  are  bonded  to  one,  two,  and  three  Pt  surface  sites,  respectively;  and  CO  in  the 
one-site  (linear  or  atop),  two-site  (bridged);  and  three-site  configuration.  The  predominance 
of  any  of  these  adsorbed  species  depends  on  the  specific  experimental  conditions  (e.g., 
potential,  surface  preparation,  crystal  orientation,  and  temperature). 

3.  The  final  products  of  methanol  oxidation  include  formaldehyde,  formic  acid,  methyl 
formate,  and  carbon  dioxide  (CCE)  (26,  27)  resulting  from  the  oxidative  combination  of 
one  or  more  of  the  adsorbed  species  with  water  or  hydroxyl  ions.  The  entire  oxidative 
process  may  involve  desorption  and  readsorption/further  oxidation  of  dissolved  products 
other  than  COi.  Adsorbed  CO  is  the  most  refractory  of  the  surface  species  and  is  often 
considered  to  act  as  a  “poison”  to  the  production  of  the  final  products.  However,  at 
sufficiently  high  potentials,  the  oxidation  of  adsorbed  CO  must  also  contribute  to  the  total 
anodic  current  and  may  indeed  be  the  chief  intermediate  in  any  extent  of  COt  production. 
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By  the  same  token,  any  of  the  other  more  refractory  adsorbed  species  may  act  as  a  “poison” 
at  lower  potentials. 

Measurements  of  methanol  adsorption  rates  have  been  reported  previously  (4,  5, 14, 16,  27). 
These  have  been  largely  fragmentary  in  any  one  particular  study  (e.g.,  single  potential,  different 
acids,  and  different  concentrations  and  surface  preparation)  and  have  been  largely  performed  in  a 
sulfuric  acid  supporting  electrolyte  with  results  reflecting  some  competition  with  the  bisulfate 
anion,  as  shown  in  some  of  the  referenced  radioisotopic  studies.  The  purpose  of  this  study  is  to 
reinvestigate  the  rate  of  initial  formation  of  the  methanolic  adlayer  in  a  perchloric  acid  (HCIO4) 
electrolyte  that  is  generally  viewed  as  presenting  very  low  anion  adsorption.  Some  exploration  of 
the  effect  of  sulfate  and  chloride  additions  to  the  electrolyte  was  also  conducted  in  this  study. 


2.  Experimental 


2.1  Supplies  and  Equipment 

All  measurements  were  made  at  room  temperature  (21  °C)  in  a  1  M  solution  of  HCIO4  with 
various  additions  of  Sigma- Aldrich  spectrophotometric-grade  methanol  and  reagent-grade 
hydrochloric  or  sulfuric  acids.  The  test  vessel  was  fabricated  of  Pyrex  glass  containing  two 
platinized  Pt  counter  electrodes  isolated  from  the  main  compartment  by  glass  frits.  The  acid 
solution  was  prepared  using  “Millipore”  water  with  a  resistivity  of  18.2  MQ-cm  and  redistilled 
HCIO4  (Sigma-Aldrich).  Solutions  were  de-aerated  with  reagent  grade  argon  for  several  hours. 
Electrochemical  measurements  were  made  using  a  Gamry  Reference  3000  potentiostat. 

2.2  Electrodes 

The  working  electrode  was  a  commercially  pure  (CP)  grade  Pt  wire  of  0.08  cm  diameter.  The 
wire  was  etched  lightly  in  aqua  regia,  flame  annealed,  encased  in  shrinkable 
polytetrafluoroethylene  (PTFE)  tubing  to  expose  a  1  cm  length  with  a  geometric  area  of  0.26  cm' 
and  then  lightly  etched  again.  The  working  electrode  was  periodically  immersed  in  hot  chromic 
acid  cleaning  solution  to  remove  particularly  refractory  surface  contamination.  Based  on 
cathodic  hydrogen  deposition  as  previously  described  (31)  and  the  assumption  of 

210  microcoulombs/cm  for  a  smooth  Pt  surface,  this  electrode  had  a  hydrogen  capacity,  Qh,  of 

2 

107  microcoulombs,  a  roughness  factor  of  2.0  and  a  “hydrogen  area,”  AH,  of  0.52  cm'.  All 

2  s 

quantities  expressed  on  a  per  cm"  basis  below  use  the  latter  value  of  AH.  The  value  of  Qh 

remained  constant  during  several  months  of  experimentation  with  the  electrode. 

The  two  counter  electrodes  were  platinized  Pt  foils  of  1  cm'  geometric  area  each.  The  use  of  a 
Pd/H  electrode  as  reference  allowed  very  close  placement  parallel  to  the  working  electrode.  It 
was  prepared  as  described  previously  (31).  The  Pd/H  electrode  was  re-hydrogenated  after  several 
days  of  use  and  its  potential  was  monitored  against  a  saturated  calomel  electrode  (SCE)  in  a 
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separate  vessel  every  few  hours.  Between  re-hydrogenations,  the  electrode  was  found  to  maintain 
a  potential  of  -0.02  V  within  a  few  millivolts  versus  the  RHE.  All  potentials  applied  and 
reported  here  were  adjusted  to  that  of  a  RHE. 

2.3  Electrode  Pre-Treatment 

The  general  approach  of  using  a  staircase  of  pulses  was  used  to  condition  the  electrode  and 
prepare  the  surrounding  electrolyte  for  controlled  mass  transport  was  described  previously  (31). 
The  following  pretreatment  was  found  to  result  in  an  extremely  reproducible  electrode  reference 
state  as  judged  by  the  response  to  cathodic  and  anodic  scans  performed  in  the  supporting 
electrolyte.  By  that  measure,  a  clean  surface  could  be  maintained  for  upwards  of  1000  s  when 
methanol  was  not  present: 

1.  0  V  for  1  s  to  desorb  anions  (with  argon  flow) 

2.  1.8  V  for  2  s  to  remove  oxidizable  organics  (with  argon  flow) 

3.  1.2  V  for  30  s  (with  argon  flow)  to  retain  the  oxidized  surface  that  prevents  adsorption  of 
organic  impurities  while  sweeping  oxygen  away. 

4.  1.2  V  for  60  s  (no  argon)  to  continue  to  retain  the  oxidized  surface  while  allowing  the 
electrolyte  to  become  quiescent. 

5.  Potential  step  in  the  range  0.06  to  0.6  V  for  duration,  t  seconds  to  reduce  the  electrode 
surface  and  to  permit  adsorption  of  methanol  before  applying  a  measurement  scan  or  pulse. 


3.  Results  and  Discussion 


3.1  Polarization  Curve  for  Methanol  Oxidation 

A  cyclic  voltammetry  (CV)  scan  for  methanol  appears  in  figure  1.  At  this  slow  sweep  speed,  the 
anodic  currents  reflect  “turnover”  (rather  than  adsorptive)  processes  that  release  products  of 
oxidation  to  the  electrolyte.  Two  aspects  of  the  figure  are  particularly  relevant  to  the  present 
study  of  adsorption: 

1 .  Moving  in  the  anodic  direction,  there  is  no  significant  current  corresponding  to  product 
release  to  the  electrolyte  below  0.4  V,  as  could  be  expected  from  the  reported  results  of 
online  mass  spectrometry  (12).  Therefore,  oxidative  currents  measured  at  the  lower 
potentials  correspond  to  adsorption. 

2.  Moving  in  the  cathodic  direction  from  high  anodic  potentials,  no  significant  current  is 
observed  above  ~0.9  V.  The  electrode’s  passivity  under  those  circumstances  was  used  in 
designing  the  pre-treatment  sequence  described  in  section  2.3. 
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Figure  1.  CV  scan  for  methanol  oxidation  at  a  Pt  electrode  in  1  M  HCIO4  containing  0.005  M  methanol. 
The  electrode  was  pre-treated  and  then  reduced  at  0.06  V  before  scanning  at  5  mV/sec. 

3.2  Anodic  Charge  by  Chronocoulometry 

After  pre-treatment,  the  potential  was  pulsed  to  0.4  V  and  the  resulting  anodic  charge,  Qa,  was 
recorded  starting  at  0.1  s.  Plots  of  Qa  versus  time  for  0.001  and  0.005  M  methanol  appear  in 
figure  2a  and  b,  respectively.  As  there  is  no  desorption  of  material  (see  section  3.1),  Qa 
corresponds  to  the  accumulation  on  the  surface  of  partially  oxidized  methanol. 
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Figure  2.  Values  of  charge  corresponding  to  methanol  adsorption:  (a)  at  0.4  V  from  a  0.001  M 
solution  and  (b)  at  0.3  V  from  a  0.005  M  solution  of  methanol.  Qa  =  charge  measured 
during  adsorption.  Q  a’  =  charge  measured  during  linear  anodic  scan  of  adlayer. 

©h  =  fractional  surface  coverage  based  on  the  hydrogen  underpotential  deposition  (UPD). 


7 


3.3  Anodic  Charge  by  Linear  Anodic  Scan 

Under  the  same  conditions  as  in  section  3.2,  the  accumulation  of  material  on  the  electrode  at 
0.4  V  was  sampled  by  applying  a  linear  anodic  scan  of  200  V/s.  Sample  traces  appear  in  figure  3. 
The  traces  obtained  for  the  1  M  HCIO4  supporting  electrolyte  were  identical  over  the  full  range 
of  adsorption  times.  Values  of  Qa’  were  obtained  by  integration  of  the  closed  areas  between  the 
traces  (with  time  as  the  v-axis)  for  the  supporting  electrolyte  and  those  for  different  values  of 
t  (ads)-  The  calculated  values  of  Qa’  are  plotted  in  figures  2a  and  b  Qa’  is  the  charge  corresponding 
to  the  oxidation  to  CO2  of  the  material  adsorbed  on  the  electrode  surface  if  the  following 
conditions  are  met:  (1)  no  desorption  of  oxidation  intermediates  occurs  during  the  scan  and 
(2)  all  adsorbed  material  is  oxidized  by  the  time  the  scans  for  the  supporting  electrolyte  and  the 
methanolic  solution  merge  at  high  potentials.  Good  adherence  to  calculated  diffusion  rates  for 
related  adsorbates  (32,  33)  suggests  that  the  latter  conditions  are  likely  met  here. 


Figure  3.  Representative  anodic  CV  scans  at  200  V/s  for  tracking  (by  oxidation)  the  adsorption  of 

methanol  at  0.4  V  from  a  0.001  M  solution  of  methanol  in  a  1  M  HCIO4  supporting  electrolyte. 

3.4  Measurement  of  Fractional  Surface  Coverage  by  Hydrogen  Underpotential 
Deposition 

The  approach  used  here  is  similar  to  that  appearing  in  a  previous  publication  (34).  After  each 
pre-treatment  sequence,  the  potential  was  stepped  to  0.4  V  for  10  ms  to  allow  for  rapid  reduction 
of  the  surface  before  stepping  to  the  particular  potential  of  interest.  A  linear  cathodic  potential 
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scan  at  200  V/s  was  then  applied  to  obtain  the  charge  corresponding  to  hydrogen  UPD,  QH, 
which  could  be  accommodated  on  the  surface  partially  covered  by  the  methanolic  adsorbate. 
Representative  traces  for  such  scans  appear  in  figure  4.  Values  of,  Qh  were  determined  by 
integration  of  the  area  (with  adsorption  time  as  the  x  axis)  under  the  trace  from  0.4  V  to  the 
inflection  point  (corresponding  to  molecular  hydrogen  evolution)  appearing  at  the  most  negative 
t  potentials.  As  only  differences  in  Qh  are  employed  in  the  analyses  below,  changes  in  the 
double-layer  capacity  are  assumed  to  have  only  a  small  effect.  Based  on  the  blockage  of 
hydrogen  adsorption  sites,  the  fractional  coverage  of  the  surface,  0,  with  methanol  is 

©m=(SQh‘Qh)/SQh),  (1) 

where  Qh  is  the  “saturation  coverage”  with  hydrogen  of  the  bare  surface.  Values  of  0m  are 
plotted  on  figures  2a  and  b  and  used  in  figure  5  and  in  all  subsequent  figures. 
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Figure  4.  Representative  cathodic  CV  scans  at  200  V/s  for  tracking  (by  hydrogen  UPD)  the  adsorption  of 
methanol  from  a  0.001  M  solution  of  methanol  in  a  1  M  HCIO4  supporting  electrolyte. 

3.5  Comparison  of  Qa  with  Qa’ 

As  discussed  above,  Qais  the  charge  passed  when  methanol  is  adsorbed  and  Qa’  is  the  charge 
corresponding  to  further  oxidation/desorption  of  the  resulting  adlayer.  At  0.4  V,  no  desorption  of 
adsorption/oxidation  products  to  the  electrolyte  is  expected  (see  section  3.1).  From  figures  2a 
and  b,  the  ratio  Qa/Qa’  =  ~1.4  for  most  of  the  range  of  surface  coverages  encountered  and  for  the 
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two  concentrations  explored  at  0.4  V.  Most  of  the  spectroscopic  evidence  (18,  19,  21,  24,  27) 
suggests  that  the  methanolic  adlayer  consists  of  variously  bonded  species  with  the  stoichiometry 
CHO  and  CO.  For  CO  only,  (4e  oxidation  to  CO  and  2e  oxidation  to  CO2),  the  expected  ratio 
Qa/Qa’  would  be  2.0.  For  CHO  (only  3e  oxidation  to  CHO  and  3e  oxidation  to  CO2),  the 
expected  ratio  Qa/Qa’  would  be  1.0.  For  a  mixture  of  the  two  stoichiometries,  the  ratio  Qa/Qa’ 
would  be  given  by  equation  2: 

Qa/Qa’  =  (4  P  +3)/(3-P),  (2) 

where  P  =  percentage  of  the  adlayer  having  the  CO  stoichiometry.  For  Qa/Qa’  =  1 .4,  the  CHO 
and  CO  stoichiometries  would  be  present  in  equal  amounts.  Similar  results  were  obtained  by 
Wilhelm  et  al  (26).  However,  there  is  also  evidence  for  a  CH2O  stoichiometry  (24),  which  would 
have  a  downward  effect  on  Qa/Qa’. 

3.6  Comparison  of  Qa’  with  AQh 

As  discussed  in  section  3.5,  Qa’  is  the  charge  corresponding  to  oxidation  of  the  adlayer  to  CO2. 
AQh  =  sQh  -  Qh  corresponds  to  the  hydrogen  adsorption  sites  blocked  by  the  methanolic 
adlayer.  The  ratio,  Qa7  AQh  =  R  represents  the  average  number  of  electrons  per  hydrogen  site  for 
the  oxidation  of  the  methanolic  adlayer.  Plots  of  Qa’,  AQH,  and  R  for  0.4  V,  0.001  M  methanol 
and  0.3  V,  0.005  M  methanol,  appear  in  figures  5a  and  b,  respectively.  For  both  potentials  and 
concentrations,  R  drops  from  an  initial  value  of  ~2  to  a  final  value  of  ~1.2.  This  is  similar  to 
results  reported  by  Leiva  et  al.  (10)  for  a  sulfuric-acid-supporting  electrolyte  and  was  ascribed  to 
the  presence  of  mainly  bridged  CO  (linear  or  “atop”  CO  would  result  in  R=2).  However, 
considering  all  of  the  possible  hydrogen-containing  fragments  and  bondings,  the  R  values  can 
probably  only  be  used  to  further  indicate  the  complexity  of  the  adlayer  and  provide  motivation 
for  investigating  hydrogen  blocking  as  the  method  for  following  the  kinetics  of  the  adsorption 
process.  Values  of  R  between  1.1  and  1.2  have  also  been  reported  by  a  number  of  investigators 
(1)  for  a  wide  range  of  methanol  concentrations,  electrode  activations,  and  supporting 
electrolytes. 
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Figure  5.  Values  of  charge  corresponding  to  oxidation  of  the  methanolic  adlayer  and  blocking  of  hydrogen 
adsorption  sites  at  (a)  0.4  V,  0.001  M  methanol  and  (b)  0.3  V,  0.005  M  methanol. 
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3.7  Kinetics  of  Methanol  Adsorption  Measured  by  Hydrogen  Blocking 

The  results  appearing  in  figures  6a  and  b  were  obtained  using  the  procedure  discussed  in  section 
3.4.  For  both  concentrations  of  methanol,  the  time  dependence  of  fractional  surface  overage  for 
adsorption  potentials  from  0.1  to  0.5  V  follow  the  parallel  dashed  lines  in  the  figures  and 
suggests  adherence  to  the  Elovich  (or  Roginsky-Zeldovich)  equation  (35)  for  adsorption  on  a 
heterogeneous  surface: 

d0M/dtads  =  kCe-m®  (3) 

where  C  is  the  concentration  of  adsorbate  and  k  and  m  are  constants. 

In  integrated  form, 

©m  =A  InC  +  In  tads/m,  (4) 

where  A  is  a  lumped  constant. 

The  semi-logarithmic  relationships  of  figures  6a  and  b  hold  for  fractional  coverages  below  0. 1  to 
0.5  or  higher.  Where  the  linear  relationship  holds, 

d©M/dtads=S/tads„  (5) 

where  S  is  the  slope  of  the  parallel  lines  of  figures  6a  and  b  and  has  the  value  0.09tads  monolayer. 
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Figure  6.  Fractional  surface  coverage  of  electrode  with  methanol  as  determined  by  hydrogen  blocking. 
Methanol  adsorbed  from  (a)  a  0.001  M  solution  of  methanol  and  (b)  a  0.005  M  solution  of 
methanol. 
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Given  the  irreversible  nature  of  the  adsorption,  the  plateau  values  of  0  do  not  have 
thermodynamic  significance,  but  represent  steric  limitation;  higher  values  can  be  anticipated  for 
extended  periods  of  time.  As  is  shown  below,  the  spacing  between  the  parallel  dashed  lines 
suggest  the  existence  of  a  Tafel  relationship  when  a  comparison  is  made  between  the  rates  of 
adsorption  at  different  potentials  for  fixed  values  of  0m.  It  can  be  seen  that  rates  diminish  for 
potentials  above  0.5  V  in  figure  6a.  This  coincides  with  the  observation  of  production  and 
desorption  of  soluble  oxidation  products  as  mentioned  in  section  3.1. 

Bagotzky  and  Vassiliev  (2)  were  first  to  recognize  that  that  the  Elovich  equation  can  be  applied 
to  the  adsorption  of  methanol  and  other  small  organic  molecules.  Their  study  was  performed 
using  sulfuric  acid  as  the  supporting  electrolyte.  Their  reported  rates  were  significantly  lower 
than  those  reported  here.  Specifically,  in  figure  6  of  that  paper,  at  0.4  V  and  at  a  concentration  of 
0.005  M  methanol,  half  the  plateau  value  is  reached  in  approximately  20  s,  versus  2  s  in  this 
study.  The  difference  is  likely  due  to  the  effect  of  specifically  adsorbed  sulfate  ion  as  is 
discussed  in  a  section  below. 

3.8  Dependence  of  Adsorption  Rate  on  Methanol  Concentration 

0m  versus  log  time  data  similar  to  that  of  figures  6a  and  b  was  obtained  at  0.4  V  and  a  range  of 
methanol  concentrations.  Rates  of  adsorption  at  0m  =  0.5  were  taken  from  the  plots  and  the 
results  were  plotted  against  the  methanol  concentration  in  figure  7  to  test  the  concentration 
dependence  predicted  by  equation  3.  The  trendline  in  figure  7  shows  that  the  anticipated  linear 
relationship  between  adsorption  rate  and  concentration  is  good. 
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Figure  7.  Dependence  of  adsorption  rate  on  methanol  concentration.  Adsorption  rates  were  measured  at 
0.4  V  and  a  fractional  surface  coverage  of  0.5. 

3.9  Dependence  of  Adsorption  Rate  on  Electrode  Potential 

For  an  irreversible  anodic  reaction,  the  Tafel  Equation  can  be  written  as  (36) 

U-U0  =  a  -  b  log  i  (6) 

b  is  the  Tafel  slope  =  2.303  RT/anF,  (7) 

where  a  =  symmetry  (transfer)  coefficient 

n  =  number  of  electrons  in  the  rate-determining  step 
U  =  electrode  potential  vs.  the  reference  electrode 
F,  R  &  T  have  their  usual  meanings. 

Figure  8  applies  equation  7  to  the  experimental  @M  -  tads  data  obtained  through  hydrogen¬ 
blocking  experiments.  For  this  purpose,  the  values  of  0M  appearing  in  figures  6a  and  b  were 
converted  to  AQH  by  multiplying  by  SQH  and  re-plotting.  Rates  of  adsorption  as  virtual  current, 
lads,  were  obtained  from  the  slopes  of  the  linear  sections  of  the  plots,  at  points  corresponding  to 
0M  =  0.2.  The  resulting  values  of  Iads  versus  U  are  plotted  in  figure  8.  As  the  linear  sections  of 
the  ©m  and  corresponding  AQH  vs.  log  tads  plots  are  parallel,  points  corresponding  to  any  other 
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value  of  ©m  in  the  linear  regions  of  those  plots  would  yield  the  same  slopes  for  the  of  Iads  versus 
U  plots.  The  dashed  line  in  figure  8  is  the  computer- generated  trendline  for  the  0.005  M 
methanol  points.  The  points  for  the  0.001  M  methanol  are  (with  the  exception  of  the  0.5-V 
result)  parallel  to  those  for  the  higher  concentration  in  accordance  with  the  concentration 
dependence  discussed  in  section  3.8.  The  trendline  has  a  Tafel  slope  of  80  mV,  which 
corresponds  to  an  =  0.8.  This  could  be  interpreted  as  corresponding  to  a  2-electron 
dehydrogenation  process  (to  an  HCOH  stoichiometry)  if  a  =  0.4.  The  particularly  high  value  of 
Iads  at  0.5  V  for  the  lower  methanol  concentration  may  be  due  to  incipient  “turnover”  current. 
Figure  9  presents  values  of  hydrogen  surface  coverage,  0H,  for  the  methanol-free  surface 
obtained  by  integrating  the  charge  measured  during  a  slow  anodic  scan.  A  comparison  of  figures 
8  and  9  leads  to  the  conclusion  that  the  Tafel  relationship  holds  from  ©h  =  0.44  (at  0.1  V)  to  0 
(above  0.4  V).  Hence,  the  suggestion  ( 1 ,  2)  that  methanol  coverage  declines  at  low  potentials  due 
to  blockage  by  adsorbed  hydrogen  may  be  true  only  for  0H  >0.4,  the  effect  being  steric  in  nature. 
Potentials  lower  than  0. 1  V  were  not  explored  here  because  the  molecular  hydrogen  generated 
interferes  with  the  accurate  measurement  of  AQh  and  the  higher  adsorption  times  tend  to  fall 
outside  of  the  retention  of  surface  purity  as  measured  in  the  supporting  electrolyte.  A  Tafel  slope 
of  120  mV  was  reported  by  Herrero  et  al.  (8)  through  analysis  of  the  early  transient  current 
obtained  on  stepping  from  a  low  (methanol-free)  potential  for  110-  and  100-oriented  single 
crystals  of  Pt.  That  result  probably  applied  to  0M  ~  0. 


Figure  8.  Potential  dependence  of  the  methanol  adsorption  rate. 
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Figure  9.  Fractional  surface  coverage  of  methanol-free  electrode  with  hydrogen. 

3.10  “Poisoning  Effect”  of  Adsorbed  Methanol 

As  mentioned  in  section  1,  the  methanolic  adlayer  has  been  shown  to  contain  species  with  a 
number  of  stoichiometries  and  modes  of  attachment  to  the  surface.  The  purpose  of  this  section  of 
the  present  study  was  to  examine  how  0m  affects  the  current  that  flows  at  the  low  end  of  anodic 
overvoltage  that  is  most  relevant  to  the  fuel  cell  application.  The  electrode  potential,  0.6  V  was 
chosen  for  examination  because  it  is  possible  to  make  a  good  differentiation  at  that  potential 
between  the  fractions  of  the  total  current  Itotai  that  lead  to  surface  accumulation  only  (Iads)  and  to 
oxidation  to  products  that  are  desorbed  and  released  to  the  solution  (Iox).  Figure  10  shows  the 
partial  currents  obtained  as  follows: 

1.  After  the  usual  activation  steps,  the  electrode  was  reduced  at  0.4  V  for  0.1  s  and  stepped  to 
0.6  V,  and  Itotai  was  recorded. 

2.  The  0M  versus  log  tadsplot  of  figure  6a  was  converted  to  the  corresponding  current  using 
equation  5.  That  current,  which  corresponds  to  hydrogen  site  occupancy,  was  converted  to 
the  virtual  oxidation/adsorption  current,  Iads,  by  multiplying  by  the  product  of  plateau 
ratio’s  of  figures  2a  and  5a  (1.4  and  1.22,  respectively). 

3.  Iox,  was  obtained  by  subtracting  Iads  from  Itotai. 
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In  figure  1 1,  the  calculated  values  of  Iox  are  plotted  against  the  0M  values  taken  from  figure  6a. 
The  computer-generated  trendline  tends  to  confirm  in  that  Iox  decreases  only  linearly  with 
increased  occupancy  of  the  surface  with  adsorbed  methanolic  species.  It  may  be  noted  that  this 
result  could  not  be  significantly  influence  by  errors  in  the  assumptions  leading  to  the  Ia(js  values 
as  the  latter  amount  to  a  relatively  small  contribution  to  the  calculated  values  of  Iox. 


Figure  10.  Partial  currents  at  0.6  V. 
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Figure  1 1 .  Dependence  of  oxidation/desorption  current  on  methanolic  surface  coverage. 

3.11  Effect  of  Adsorbed  Anions  on  the  Adsorption  and  Oxidation  of  Methanol 

The  negative  effect  of  adsorbable  anions,  including  bisulfate  and  chloride  ions  on  the  anodic 
oxidation  of  methanol  on  Pt  electrodes  is  well  known  (2,  4,  9,  15,  37).  For  platinized  Pt 
electrodes,  Horanyi  and  Vertes  (15)  using  a  36C1"  radiotracer  showed  that  the  methanol  displaced 
specifically  adsorbed  chloride  ions  in  a  perchloric  acid  electrolyte.  In  a  0.5  M  sulfuric  acid 
electrolyte  at  0.5  V,  Sobkowsky  and  Wiekowski  (16)  showed  that  added  chloride  ions  decreased 
the  rate  of  adsorption  of  methanol  on  a  platinized  Pt  electrode.  The  purpose  of  this  part  of  the 
present  investigation  was  to  obtain  preliminary  information  on  the  effect  on  adsorption  of  the 
more  strongly  adsorbed  chloride  ion  and  the  relatively  weakly  adsorbed  sulfate  ion  on  methanol 
adsorption/oxidation  under  the  same  conditions  as  in  the  other  sections  of  this  report.  The 
polarization  curves  of  figure  12  were  obtained  by  applying  an  anodic  scan  of  5  mV/s  to  the 
electrode  after  activation  and  reduction  at  0.4  V.  The  supporting  electrolyte  was  1  M  HCIO4  for 
all  three  traces.  At  this  slow  sweep  speed,  the  currents  correspond  mainly  to  methanol 
“turnover,”  the  currents  due  to  adsorption/surface  accumulation  of  methanol  being  negligible. 
From  the  figure  it  can  be  seen  that  the  addition  of  sulfuric  acid  mainly  reduces  the  peak  oxidation 
current,  whereas  the  addition  of  hydrochloric  acid  virtually  eliminates  the  oxidation  of  methanol 
at  low  potentials. 
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Figure  12.  Effect  of  specifically  adsorbed  anions  on  anodic  oxidation  of  methanol. 

The  adsorption  of  methanol  in  the  presence  of  chloride  and  sulfate  ions  was  followed  using  the 
same  procedure  as  in  section  3.4:  after  activation,  the  potential  was  stepped  to  0.4  V  to  allow  for 
adsorption  of  both  methanol  and  the  anions.  Under  those  conditions,  the  starting  fractional 
surface  coverage  (based  on  hydrogen  adsorption  sites)  of  chloride  ions  would  be  at  the 
equilibrium  values  of  0.3  (38).  The  starting  coverage  with  sulfate  ions  would  be  approximately 
0.05  based  on  the  results  reported  by  Dalbeck  and  Vielstich  (39).  Application  of  a  linear  cathodic 
scan  at  200  V/s,  allows  one  to  determine  0m  as  in  section  3.4  without  interference  by  the 
adsorbed  anions,  as  the  latter  are  completely  desorbed  during  the  scan  and  do  not  affect  the 
measured  values  of  QH  (4,  40).  Figure  13  compares  the  time  dependence  of  0M  under  the 
described  conditions.  It  can  be  seen  that  adsorbed  chloride  ions  cause  a  decrease  in  the  rate  of 
methanol  adsorption  of  approximately  three  orders  of  magnitude,  paralleling  the  extreme 
decrease  in  anodic  oxidation  current  apparent  in  figure  12.  As  the  coverage  with  Cl"  is  far  from 
complete,  this  implies  more  than  a  simple  steric  effect  on  the  initial  dissociation/adsorption  of 
methanol.  This  also  exceeds  the  one  order  of  magnitude  decrease  in  adsorption  rate  that  would  be 
expected  if  the  effect  of  the  adsorbed  Cl"  were  simply  to  occupy  the  sites  with  the  highest  heats 
of  adsorption,  similar  to  adsorbed  methanol  itself.  The  concurrent  extreme  effect  of  Cl 
adsorption  on  the  polarization  curve  (i.e.,  on  Iox)  suggests  that  both  processes  are  dependent  on 
the  same  initial  dehydrogenation  step.  This  contrasts  sharply  with  the  competitive  adsorption  of 
CO  and  Cl"  (40),  which  involves  no  dissociation  in  the  adsorption  of  the  organic  molecule.  The 
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adsorption  of  CO  is  diffusion-controlled  both  in  the  absence  and  presence  of  Cl",  readily 
displacing  the  anion  from  the  surface.  On  the  other  hand,  the  adsorption  of  ethane,  which  does 
involve  initial  dehydrogenation,  is  noticeably  affected  by  Cl"  (41)  but  to  a  lesser  extent  than  is 
methanol  adsorption.  The  effect  of  sulfate  ions  on  0M  is  much  less  pronounced  and  the  effect  is 
largely  gone  at  tads  >  100  s.  This  parallels  the  slight  effect  that  sulfate  ions  have  on  the  anodic 
oxidation  of  methanol  as  seen  in  figure  12  (below  the  peak  current). 
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Figure  13.  Effect  of  specifically  adsorbed  anions  on  the  methanol  adsorption  rate. 


4.  Conclusion 


The  use  of  a  “staircase”  of  potentials  provides  a  highly  reproducible  surface  state  on  a  Pt 
electrode,  allowing  detailed  analysis  of  the  kinetics  of  adsorption  of  organic  substances.  For 
methanol,  adsorption  is  best  monitored  by  the  blocking  effect  on  hydrogen  UPD.  Below  ~0.5  V 
versus  a  reference  RHE,  adsorption  of  methanol  occurs  with  only  the  accumulation  of  partially 
oxidized  methanolic  species.  Above  that  potential,  more  complete  oxidation  of  methanol  leads  to 
desorbed  final  products  of  oxidation.  Therefore,  the  adsorption  processes  can  be  studied  in  detail 
in  the  lower  potential  range.  In  that  range  of  potentials,  the  rate  of  methanol  adsorption  was 
found  to  follow  classical  laws  for  an  electrochemical  oxidation  process  (i.e.,  Tafel  relationship), 
which  is  also  dependent  on  the  extent  of  occupancy  of  heterogeneous  surface  sites  (i.e.,  Elovich 
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equation).  Adsorbed  methanol  has  a  linear  “poisoning  effect”  on  the  anodic  current  that  produces 
final  products  at  potentials  higher  than  ~0.5  V.  Adsorbed  chloride  ions  drastically  reduce  both 
the  adsorption  of  methanol  and  the  anodic  current.  The  effect  of  bisulfate  ions  is  only  moderate 
by  comparison. 
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